Abstract-Aquatic animals of vastly different size show a simple relationship between swimming speed and body kinematics. Swimming robots, whose morphology and gaits are inspired by those animals, are not an exception.
I. SCALING OF AQUATIC LOCOMOTION IN NATURE

I
N nature, aquatic undulatory locomotion is exhibited across a wide range of animal species of varying size. Recently, Gazzola et al. [1] have demonstrated a fundamental relationship between the body kinematics (tail beat amplitude A and radian frequency ω) of aquatic creatures and their swimming speed U . Supported by data from more than 1000 measurements on organisms ranging in size from 1 mm to 30 m, they propose a simple power law between two dimensionless numbers associated with aquatic locomotion.
The Reynolds number (Re) quantifies the interplay between viscous and inertial phenomena during swimming and is defined by Re = UL/ν, where ν is the water kinematic viscosity and L is the body length. Just as Re measures the output of the undulatory locomotion, the swimming number (Sw) encapsulates its input variables (A and ω). Specifically, Sw = ωAL/ν should be interpreted as an oscillatory Reynolds number for the transverse undulation of the animal's body in water. At high Reynolds numbers (within the laminar regime), Gazzola et al. [1] have demonstrated that Re ∼ Sw 4/3 , and, as the Reynolds number is increased further (into the turbulent regime), such a scaling is altered to Re ∼ Sw. The existence of this universal scaling principle across seven orders of magnitudes of Re offers a strong empirical evidence for the critical role of hydrodynamics on the evolutionary convergence of swimming strategies. [21] and small blue [20] robots are both motor-actuated, with the former utilizing three active links and the latter only a single link. The small black robot [8] is instead propelled by a smart material (ionic polymer metal composite).
II. SCALING OF AQUATIC LOCOMOTION IN ROBOTICS
Engineering has often drawn inspiration from nature for the design of materials, structures, mechanisms, sensors, actuators, algorithms, and control systems [2] . The design of underwater robots (Fig. 1) , for example, has regularly benefited from "bioinspiration" [3] - [25] . Swimming robots inspired by fish (often called robotic fish) have thus been integrated in mobile sensor networks and environmental monitoring systems [26] , interactive hypothesis-driven studies on animal behavior [27] , and effective educational outreach activities [28] .
While the design of swimming robots is still a major research thrust in the field of robotics, existing prototypes are often successful in mimicking some of the principal features of animal locomotion. In Fig. 2 , we report the Reynolds number and swimming number for a swath of swimming robots (278 measurements from 23 robots), superimposed on the newly uncovered relationship for aquatic organisms in [1] . For each robot, the length L is taken from the corresponding reference, and then, based on data or estimates for the swimming speed U , tail beat radian frequency ω, and tail beat amplitude A, the equations in Section I are used to find Re and Sw at each datapoint using ν = 10 −6 m 2 /s. The robots range in size from approximately 5.7 cm to 2.4 m and exhibit tail beat frequencies from 0.25 to 19 Hz. These robots employ varying strategies for actuation, using either standard servomotors or smart materials (including ionic polymer metal composites, piezoelectrics, fluidic [13] and red squares are for motor-actuated robots [14] - [25] (In [8] - [10] , the amplitude is estimated from separate fin tip displacement experiments; in [11] , [12] and [24] , the amplitude is estimated from pictures of the undulating tail; in [22] , the amplitude is obtained from a body-spline model with the given parameters; and in [23] , the amplitude is estimated from the length of the tail in a picture and the reported angular amplitude). The solid and dashed lines are the scaling laws for laminar (Sw < 10 4 : Re = 0.03 Sw 1 . 31 ) and turbulent (Sw > 10 4 : Re = 0.4 Sw 1 . 02 ) regimes from [1] .
elastomers, and shape memory alloys), and vary in the number of degrees-of-freedom of the tail [3] - [25] . Typically, smart materials are utilized in the design of centimeter-size robots [3] , [10] , while servomotors with several links are preferred for larger prototypes [14] , [15] , [18] , [19] , [21] , [22] , as evidenced from Fig. 2 . Due to the range of sizes and the limited speeds of existing robots, the Reynolds numbers and swimming numbers range from 10 2 to 10 6 , which is a smaller subset of the data presented in [1] for creatures from fish larvae to whales.
As expected, the elegant scaling law derived for aquatic organisms in [1] predicts the relationship between the body kinematics and the speed for swimming robots. This is particularly evident for the turbulent regime, for which more empirical evidence (77.3% of the whole dataset) is available. However, most robots have a lower Reynolds number for a given swimming number when compared to animals (in the turbulent and laminar regimes, 75.8% and 58.7% of the measurements are below the scaling law, respectively). In other words, for the same locomotory inputs, robots typically underperform when compared to their biological analogs. While uncertainties in the parameter identification cannot be dismissed, the nature of the plot, covering four orders of magnitude of Re, calls for a different explanation. Likely, such an explanation should be related to the mechanical design and operating conditions of some prototypes, yielding gaits that may significantly differ from aquatic creatures. If the aim of a bioinspired design is to replicate the performance of a live animal, this discrepancy identifies a need for fundamental research in robotics and quantifies a realistic margin for improvement.
Thus, the new scaling law for aquatic locomotion can aid in design and implementation of swimming robots, where the empirical data from nature form a benchmark for performance. For a given robot design, for instance, if the desired size and speed are known, one can determine the operating range for the frequency and amplitude of the tail beating based on the scaling law. For example, if designing a robotic fish with L = 0.1 m and a goal speed of one body length per second (0.1 m/s), the scaling law provides ωA 0.2 m/s, suggesting that an actuator capable of beating the tail with an amplitude of about one-third of the body length (0.03 m) and a frequency of 1 Hz would be sufficient. Conversely, if there is a physical limitation of the body kinematics, guidelines on attainable speeds could be formulated. For instance, for the same robot, if the tail beat amplitude cannot exceed 0.03 m and the frequency can range between 0.1 and 2 Hz, we may expect a speed between 0.006 and 0.186 m/s.
III. CONCLUSION
Similar to aquatic creatures [1] , the locomotion of swimming robots ranging from few centimeters to meters is well described by a scaling law between two pertinent dimensionless numbers. Such scaling offers an upper bound for the performance of existing robots, which often display a swimming speed lower than their animal counterparts for the same tail swimming number. This difference highlights the need for further research in underwater actuators to more closely mimic biology. Nature continues to be a source of inspiration to engineering, and findings in [1] provide an insightful relationship for performance evaluation of bioinspired design.
